Slag foaming in an electric arc furnace (EAF) is examined using a mathematical model of the EAF to compute the CO generation rate and slag chemistry and laboratory measurements of the foam index. The foam height limited by either the foam stability or from the amount of slag present was computed for a high productivity furnace using relatively large amounts of pig iron, carbon and oxygen. It was found that for this case the foam is usually simply limited by the amount of slag in the furnace. The effects of the amounts of pig iron, carbon, oxygen and slag were determined. As the amount of carbon as pig iron, coke and coal and oxygen are reduced, the foam height is limited by the CO generation rate and is reduced. The foam decreases towards the end of the process due to lower CO generation rates.
Introduction
Slag foaming in electric arc furnace (EAF) steelmaking is critical for high productivity. The slag foam protects the refractories from the high intensity arc allowing for high power input and productivity. In the slag foaming process, carbon is injected into the slag, reacts with FeO in the slag producing CO, which foams the slag. It is useful to briefly describe what is meant by slag foaming. Gas causes foam bubbles to form on top of a dense layer of slag. The foam can have relatively small foam bubbles like foam on beer or larger bubbles like a soap bubble foam on water. In general, the small bubbles result from chemical reactions and the resulting foam is fairly stable. In general, gas injection produces larger bubbles and a less stable foam. True foaming should not be confused with simple gas hold-up of bubbles in a liquid. In the case of gas hold-up the gas bubbles are throughout the entire liquid and the expansion of the slag is due to the gas bubbles in the liquid. For gas hold-up the expansion decays rapidly after the gas stops. A true foam may be fairly stable and last several minutes after gas generation stops.
As stated earlier there is normally a dense layer of slag beneath the foam. However, it is possible that all of the slag present is required to produce the foam and no dense layer will exist. In this case, the amount of slag present is insufficient to produce all the foam which the slag and gas can form.
Ito and Fruehan [1] [2] [3] measured the foamability of EAF type slag using bubbles produced by a lance which were 5 to 10 mm diameter. They used the concept of the foam index (S ) to relate the foam height (H f ) to the superficial gas velocity (v g ). The foam index can be viewed as the time for the gas to pass through the slag and the units are seconds.
Ito and Fruehan 3) related the foam index to the slag properties such as viscosity. Later work by Zhang and Fruehan 4) showed that the foam index decreased with increasing bubble size. They showed that small bubbles are formed by reaction (1) and a relatively stable foam results.
In EAF steelmaking, it has been found that, toward the end of the process, the foam becomes less stable and the foam height decreases. Ito and Fruehan hypothesized that, initially as the FeO content increases, the rate of reaction (1) and CO generation increases and, therefore, foaming increases. However, as the FeO content increases, the slag viscosity decreases and the density increases causing the foam bubbles to drain more rapidly, to decrease and the foam to decay. Hence, there is a critical FeO content below which foaming increases with FeO content and above which the foam is less stable. This occurs at about 20 to
40 % FeO depending on other conditions. In a recent study the foaming of simulated EAF slags by the addition of various forms of carbon added to the slag was studied. 5) In this research, the rate of reaction (1) was determined by measuring the volume of CO generated as a function of time after adding the carbonaceous material. The resulting foam height was measured with an electrical probe. From the CO generation rate and the foam height, the foam index was computed. The foam index decreased with a FeO content from about 6 to 8 s at 15 % FeO to 2 to 4 s at 45 % FeO at 1 773 K. The foam height appeared to be a maximum at about 25 % FeO despite the gas generation continuing to increase at higher contents. These observations support the hypothesis concerning the loss of foaming. Furthermore, the measured foam indexes were similar to those previously measured.
The objective of the present study is to understand and predict foaming in EAF steelmaking. In order to achieve this goal, in addition to the foaming characteristics of the slag, the CO generation rate must be known. Recently, Matsuura et al. 6 ) developed a kinetic model for EAF steelmaking which computes the slag composition, decarburization rate and the rate of the carbon reaction with FeO in slag. EAF steelmaking is very complex as compared to oxygen steelmaking. Lime (CaO) and carbon are continuously injected and slag is flushed out of the furnace continuously or periodically. The operation depends on the melting rate of scrap and other material, such as pig iron. The EAF model was successfully tested against an operating furnace and details are given elsewhere. 6) If the gas generation and the foam index is high, the entire slag may be foamed. In this case the foam height is simply limited by the amount of slag present or slag volume (V S ). In this case, the foam height is related to un-foamed slag volume and the gas fraction of the foamed slag (e g ). 
Methodology
The methodology for computing the foam height was to use the EAF model to compute the slag composition and CO generation rates for reactions (1) and (2) . The CO generation rate was combined with the foam index to compute the foam height using Eq. (3). The CO generated by reactions (1) and (2) and their effect on foaming may differ because of the varying bubble sizes; this will be examined later in this paper. The foam height was also examined for the case in which the foam is limited by the amount of slag which is given by Eq. (5).
The furnace modeled was a high productivity North American furnace. The tap weight is 170 t and the operation time is 30 min. The detailed key operating parameters are given in Table 1 . It should be noted that this furnace uses large amounts of pig iron, carbon injection and oxygen. This potentially increases foaming significantly. Several different cases were considered including varying the amount of pig iron, slag, carbon injection and oxygen. The cases do not necessarily reflect actual operating conditions in all cases but show how the foam height changes with these variables.
The foam index used for computing the potential foam heights was computed by extrapolating the foam index recently measured 5) to the conditions in the EAF using the correlation developed by Zhang et al. 4) to predict how the foam index varies with slag. where, D B , m, r, and s are the foam bubble diameter, slag viscosity, slag density and slag surface tension, respectively. Equation (6) was not used to compute the foam index but rather to extrapolate the measured values to EAF conditions using the dependency of the foam index on slag properties given by Eq. (6).
The slag viscosities, densities, and surface tensions were computed using simple models in which the property was related to its molar composition. The extrapolation of the measured foam indexes to the EAF case was small, less than a factor of two, and the estimated uncertainty is about 20 %. The typical foam index extrapolated to the EAF conditions is about 2 to 3 s.
The furnace temperature is one of the important key factors and, in fact, temperature varies between approximately 1 823 and 1 953 K during the operation. In the present calculation, furnace temperature was assumed to be constant at 1 883 K.
The present EAF model does not compute the temperature. If the temperature is lower than 1 883 K, the foam index and the computed foam height are about higher; at 1 823 K about 25 % higher. Conversely, if the temperature is higher the foam height is lower; at 1 923 K about 25 % 
The rate of reaction (1) was assumed to be proportional to the amount of carbon in the slag and the rate of CO by reaction (1) (7) where k 1 is the rate constant for reaction (1) and W C is the weight of carbon in the slag computed from the EAF model.
The rate of reaction (2) 8) where m, A and r are mass transfer coefficient of carbon in the metal, area of metal drops and density of iron, respectively. "%C" and "%C e " are the carbon content and the carbon content in equilibrium with the slag, which is essentially zero, respectively.
The CO generation rate and the slag composition depend on the assumed melting rates of scrap and pig iron. The assumed rates are shown in Fig. 1 for the Base Case (A). Similar melting rates were used for the other cases examined. The melting rates were based on discussions with the furnace operators and fundamental considerations of temperature and energy input. A sensitivity analysis was performed on the effect of melting rates on foaming and the effect was small.
Results
The EAF model was used to compute the slag composition as a function of time and is shown in Fig. 2 for Base Case (A) and Case (B). As opposed to oxygen steelmaking (OSM), e.g., LD, BOF, etc., in the EAF, the slag composition does not change significantly with time. This was confirmed by analysis of slag samples taken during the operation. This is due to the continuous nature of the process in which C, CaO and O 2 are continuously injected such that the EAF is close to a continuous stirred tank reactor with regards to slag composition. The critical slag component with regards to foaming is FeO. The FeO content depends on the C and O 2 input. The carbon injection and pig iron melting rates roughly matches the oxygen rate according to the stoichiometry of reaction (9). Consequently, the FeO content of the slag does not change significantly during the process. Case (A) has lower FeO contents than Case (B) because Case (B) has less pig iron containing carbon than Case (A) but the same oxygen.
Next, the CO generation rates for reactions (1) and (2) were computed using Eqs. (7) and (8) and combined for the total CO. The results are shown in Fig. 3 . The rate constant k 1 for reaction (1) was estimated from previously measured rates 7) and an estimate of the carbon surface area from average size of carbon particles, resulting in the range between 0.1 and 1.0 min
Ϫ1
. The k 1 value was evaluated by the present model to calculate the measured slag compositions at the current operational condition and was determined to be k 1 ϭ0.9 min
. The rate parameter (mA) for reaction (2) cannot be estimated from basic principles. It was determined by extrapolating known rates of BOF operations to EAF conditions assuming the rate parameter is proportional to the oxygen injection rate (V Oxy ) and the relationship mAϭ0.050ϫV
Oxy was applied in the present calculation. These assumptions were tested by melt and slag samples
© 2009 ISIJ during actual operations. The details are given elsewhere. 6) Since there is 120 t initial metal heel with a carbon content of approximately 0.04 mass%, only a small amount of CO gas is produced during the first several minutes before starting the melting of scrap and pig iron. From the CO rate and the foam index, the foam height was computed and is shown in Fig. 4 assuming there is no limitation due to the amount of slag present. The calculated foam height is unrealistically high for the actual furnace operation. In the actual process, as the foam is produced it reaches a certain height and is flushed out of the furnace. Also, as discussed earlier there may not be sufficient slag for the potential foam height computed from the CO rate and the foam index. For the 20 t of slag the volume is about 6.0 to 6.2 m . If the maximum gas fraction the foam can have is 0.9, this results in a foam height of only 1.3 m for Case (A). If the slag volume limitation is considered, the foam height is given as a function of time for Case (A) for 20 t of slag in Fig. 5 . The results indicate that the slag foam height is controlled by CO rate only early in the process and toward the end of the blow when the CO rate is low. During the majority of the process the foam height is limited. During the last 2 to 4 min the foam decays primarily because of low CO generation rates.
Effect of Pig Iron
In Case (B) the effect of the amount of pig iron was considered. For Case (B) the pig iron was reduced to 25 t and the scrap increased correspondingly with all other parameters remaining the same. In this case, the FeO increased from about 30 to 52 % as seen in Fig. 2 decreasing the foam index from about 3.0 to 1.8 s. The CO also decreased by about 15 to 20 %. This reduced the potential foam height but for much of the process it is still limited by slag volume. In Fig. 6 the potential and limited foam height for a gas fraction of 0.9 is given. Again the foam is primarily limited by the amount of slag.
Effect of Slag Weight
The effect of slag weight was examined in Case (C) assuming 40 t of slag. The slag composition, CO rates, foam index and potential foam height were computed. This did not vary significantly from Case (A). The potential and limiting foam heights are given in Fig. 7 . Doubling the slag weight simply doubles the limiting foam height. However, the foam is still limited by the amount of slag during most of the process.
Effect of Carbon and Oxygen Injection
The Base Case (A) is close to the conditions used by a productivity furnace producing higher quality flat rolled steel. For this furnace, the amount of pig iron and carbon injection is relatively high resulting in high CO rates and foaming. More typical conditions are those using less pig iron, carbon and oxygen. Therefore Case (D) was considered in which the pig iron and carbon injected as well as the oxygen lowered. The oxygen was reduced to give about the same FeO in the slag as Case (A). For Case (D) the pig iron, coke, coal and oxygen were reduced to 25 t, 1.57 t, 0.17 t and 3 865 Nm 3 respectively. In this case, the CO evolution rate decreases to about 30 Nm 3 /s from about 50 Nm 3 /s for Base Case (A). The FeO contents and, consequently, the foam index for both cases are approximately the same. The potential and slag volume limited foam height is shown in Fig. 8 . The potential foam height is reduced to about 2 m, however, the actual height is still limited for most of the process by the amount of slag present.
Effect of the Reaction Producing the CO
As mentioned earlier, the foam produced by reaction (1) may be much more stable than produced by reaction (2) . It has been found that the bubble size for reaction (1) is smaller (1 to 2 mm) than for reaction (2) (4 to 6 mm).
4) The large bubbles from reaction (2) may rise rapidly through the foam without contributing significantly to the foam. Depending on the amount of pig iron and of the carbon injected, the relative amounts from the two reactions can vary. As shown in Fig. 3 for Case (A) the CO generated from the two reactions are about equal. If only the CO from reaction (1) is considered the potential foam height is reduced significantly, by about 50 %.
The potential foam heights for Cases (A), (B), and (D), considering reaction (1) only, are presented in Fig. 9 . For the 20 t of slag, the limiting foam height is about 1.3 m. When this limitation is considered the foam heights are given in Fig. 10 . For these conditions, the foam may be limited by CO generation for longer periods of the process.
Summary and Conclusions
The foam heights expected, during EAF steelmaking, for a high productivity furnace were computed using a previously developed model of the EAF and foam index measurements.
The general findings are as follows:
(1) For high productivity furnaces using high amounts of pig iron, carbon and oxygen, the potential foaming is very high and the actual foam is simply limited by the height at which the slag is flushed out of the furnace or by the volume of slag. Towards the very end of the process the foam decays because of lower CO generation and higher FeO contents.
(2) For operations with less pig iron, oxygen and carbon, the foam still reaches the maximum during the middle of heat and is limited by the amount of slag but decays earlier due to lower CO generation.
(3) It is unclear if the CO generation from decarburiza- tion is as effective as that from the C-(FeO) reaction in slag for producing foam. If CO produced by decarburization is neglected, foaming is controlled by the amount of carbon and oxygen injected during the process. (4) It is important to match the carbon and oxygen injected to reaction (9). If the oxygen is too low the amount of FeO in the slag goes down and the amount of CO generated according to reaction (1) decreases. Furthermore, carbon is tapped out with the slag and lost. If the oxygen is too high, the FeO content of the slag increases eventually decreasing the foam index and foaming. Also, in this case, the iron yield from the furnace decreases.
